INTRODUCTION
One of the principal purposes of mapping is the positioning of any DNA sequence along the genome. Genetic mapping strategy provides positional information only if the DNA sequence is polymorphic. The generation of a physical map does not require polymorphic sequences. In situ hybridization and somatic cell hybrids have already been used to map genomes. But the physical linear ordering of cloned genomic fragments, immediatly usable for further work, is the ultimate aim of physical mapping.
Different strategies were used for large scale physical mapping of the genomes of the yeast Saccharomyces (1) , the nematode Caenorahbditis elegans (2), E. coli (3), the human chromosome 1 lq (4) and the Herpes Simplex virus type I (HSV-1) (5) . These methods are all characterised by the fact that a clone is defined by a specific fingerprint: either a restriction enzyme fragment pattern for the first three strategies or a 'hybridization fingerprint' obtained with end-specific RNA probes derived from subgroups of clones for the human chromosome 1 lq or with oligonucleotides for HSV-I. In all of these strategies, cosmid or phage libraries were used.
Technical advances now enable cloning of DNA fragments up to several hundred kilobases in yeast artificial chromosomes (YAC) (6,7 et 8) . The availability of YAC libraries is advantageous for physical mapping because it facilitates the cloning of large genomic regions. The study of large DNA segments (sometimes 1 Mb) in YACs, however, can be problematic. There are two main reasons for this:(i) YACs cannot be easily separated from yeast chromosomal DNA.
(ii) fragments greater than 50-100 Kb are difficult to handle with the current technologies. For this reason, methods to sort overlapping sets of DNA clones from YACs need to be developed; These would allow to focus on YACs from a defined region leading to gene identification. The present paper reports an alternative derived from one of these methods, based on the use of human repetitive sequences (9) . In this fingerprinting method, YACs are subcloned into cosmids. Each subclone is digested with a 6bp-site restriction enzyme. Restriction fragment patterns obtained after hybridization with total human DNA are compared with one another.
As an experimental test of the procedure, we subcloned into a cosmid vector Lawrist4 (10) a YAC of 420 Kb, which represents the mean insert size in the CEPH YAC library (8) . In this paper, we describe the construction of a cosmid library from this 420 Kb YAC, the fingerprinting procedure, two predictive programs for physical mapping and the analysis of the restriction fragment pattern by both a clone matching program developed from existing software (11) and a new clone ordering program (Automatic Clones Assembly Software: AC AS 1.0).
MATERIALS and METHODS

Enzymes and chemicals
Restriction enzymes and proteinase K were purchased from Boehringer Mannheim, bacterial alkaline phosphatase was from D3I, T4 DNA ligase from Biolabs, agarase from Calbiochem, Zymolyase from Seikagaku Kogyo (Tokyo).
Cosmid Library Construction
The library was constructed in the cosmid vector Lawrist4 (10) from total DNA of a yeast strain containing a 420 kb YAC (24C4).
Agarose plugs of this YAC clone, prepared as described by Schwartz et Cantor (12) were partially digested with Mbol with * To whom correspondence should be addressed a limiting concentration of magnesium (13) and loaded onto a 0.35% Seaplaque LMT agarose gel. After 16 hours of migration at 60 volts, the required size fraction (mean of 50 Kb) was cut out and repurified on a second gel (same conditions). The 50 kb DNA band was recovered in an agarose slice, dephosphorylated with bacterial alkaline phosphatase (1U at 37 °C, 30 minutes) and treated by agarase (agarose slice equilibrated in 100 mM Nacl, melted at 68°C and transferred to 37°C for 2 hours with 50 U/ml agarase). Following agarase treatment, the DNA was extracted twice with phenol/CHC13. 
Library screening
Replica filters from the cosmid library were prepared. Filters were hybridized with 32 P-dCTP labelled total human DNA. Cosmids containing human DNA inserts were selected, rescreened by Southern hybridization to 32 P-labelled human DNA and transferred to 96-well microtiter plates. 86 clones were selected for size criteria from 92 human DNA positives cosmids.
Cosmid DNA preparation
Cosmid DNA was prepared without separation from bacterial DNA, by a quick method derived from the lithium dodecyl sulfate protocol (14) . Cells were grown in microtiter plates (40 fi\ per well corresponding to 200 ng of cosmid DNA) overnight at 37 °C without shaking in M9-media containing 30 fig/mi kanamycin. Cells were centrifuged at 3000 rpm for 5 min and the pellet was resuspended in 50 fi\ of lysis buffer 0.1 M EDTA, 10 mM TrisHcl pH 8.0 and 1 % lithium dodecyl sulfate) and gently shaken at 50°C for 1 -2 hours. The lysate was then dialysed against 10 mM Tris-Hcl pH 8.0/1 mM EDTA pH 8.0 at 60°C for one hour in a 96-well microdialyzer (Spectrum).
Fingerprinting of cosmid DNA
Cosmid DNA (200 ng) were digested with each one of the following restriction enzymes: BglU, EcoRI, PstI and PvuII, in a 30 /tl reaction at 37°C for 2 hours. Lambda DNA cut with Sail, Clal and BstEII were used as size markers. The digestions were loaded on a 0.7% agarose gel, run in 1 x TBE buffer for 17 hours at 60 volts and transferred onto a nylon menbrane (Hybond-N + -Amersham). Filters were hybridized with 32 Plabelled total human DNA at 42°C in a solution of 50% formamide, BlottoO.5%, SSPE 1.5X, SDS 1%, dextransulfate 5%. The human DNA probe had been contaminated at the labelling step with the vector Lawrist4; the bands issued from vector's digest are revealed concurrently with the human fragments. This procedure allows us to compare the intensity of bands from clone to clone, independly of all variables that can affect the measure of intensity such as DNA quantity, efficiency of transfer and hybridization. The constant bands of the vector's digest (651 bp, 958 bp and 1708 bp for BglH, 1244 bp and 3752 bp for EcoRI, 461 bp and 963 bp for PstI, 360 bp and 762 bp for PvuITlserve as an internal intensity standard within each lane. The ratio between the intensity of a human band and the intensity of a vector's band should give an absolute measure of the DNA repetitive sequences contained in a band. The probe was prepared by the oligolabelling method (15) . After hybridization, filters were rinsed twice in 2 X SSC/0.1 %SDS at room temperature followed by washing in 2 X SSC/0.1 % SDS, then 0.5 x SSC/0.1 % SDS and 0.2 x SSC/0.1% SDS at 65°C for 15 minutes. A mean of 7 fragments per digest per clone was detected.
Restriction mapping of the YAC Total DNA of the yeast strain containing the 420 kb YAC, was partially digested with Mlul as described previously (13) . Partial digests were loaded on a 0.8% agarose gel in 0.5 x TBE and separated by Field Inversion Gel Electrophoresis (FIGE) under the two following conditions: one gel was run at 13°C for 29 hours with a switch time 0.3 to 3 seconds (ratio 3:1) and the other one was run at 13°C for 24 hours with a switch time 0.3 to 15 seconds (ratio 3:1). Concatemers of Lambda DNA (Clontech) and Lambda DNA digested with Xhol, BssHII and BstEII were used as size markers. After electrophoresis, the DNA was transferred to biodyne nylon membrane (PALL) and hybridized to the probes CEN4 and URA3 derived from each arm of the vector used to construct the YAC library, pYAC4 (6) . pYAC4 DNA was digested with Hpal and Clal to produce the 700 bp 'left end probe': CEN4 or PstI and StuI to produce the 500 bp 'right end probe': URA3.
A set of canonical overlapping cosmids was also digested by Mlul. The mapping of Mlul restriction sites were compared to the one found with the partial restriction map of the YAC.
Data Capture
Data capture was performed with an image analysis system (BIOCOM). Autoradiograms were scanned with a 512 * 512 CCD camera and images were displayed on a BARCO 223 monitor. The images were analysed semi-automatically with the appropriate software (LECPHOR 200), run on a COMPAQ 286. A file of band migration distances and intensities was created for each track. After transfer to a Vax Station 3100, molecular weights of each band were calculated with a local semireciprocical interpolation method (16) . Molecular weights and intensities for each band in each clone were incorporated in a database.
Computer program
A new clone assembly program was developed from Sulston's software (11) . It compares the molecular weights and the intensities of the bands from each clone pair for each digestion with a chosen tolerance and calculates the probability for 2 clones to randomly share the bands they have in common. If this probability is less than a chosen threshold, overlap between the two clones is declared. In addition to Sulston's software capabilities, this program allows us to take into account several digests per clone and a non equipartition of restriction fragments sizes. Moreover, it is entirely automatic. It was tested satisfactory on a simulated database before being used on experimental data. This process allows us the construction of a distance matrix. With this distance matrix, a genealogical tree of cosmid clones can be constructed in a way which minimizes the distances (i.e the matching probabilities) between son and father. This tree is then used to order clones and to detect false positives (manuscript in preparation).
RESULTS AND DISCUSSION
A cosmid library was constructed from total DNA of a yeast strain (AB 1380) containing a 420 kb YAC. 3000 transformants (10 yeast genome equivalent) were screened with total human DNA. 92 positive clones were analysed on gels; 86 were selected for further analysis, 6 recombinants with an insert size of about 25 kb were discarded.
Fingerprinting method
The first step was the choice of the restriction enzymes, taking into account that the detection procedure is based on repetitive DNA sequences. Repeats in the human genome are composed mainly of three classes: the AM, LJ and microsatellites (GT/AQ families (17) . The first one is the most abundant (500,000 to 1,000,00 copies/genome) and should be present, on average, once per 3 -6 Kb while U and (GT/CA) families (50,000 to 100,000 copies/genome) should be present once per 30-60 Kb. Fifteen restriction enzymes recognizing 6 bp-sites were tested on 8 cosmids (data not shown) to evaluate the number of human DNA fragments revealed by hybridization with total human DNA.
In order to evaluate the number of clones N and enzymes Z necessary to construct a physical map of this 420 kb YAC, two different approaches were developed: one statistical on a model and the other based on probability laws (17) .
The YAC was first modeled as a mathematical vector, on which were generated random restriction sites (with a frequency (1/4) 6 for 6pb-enzymes), N random subclones and random repetitive DNA sequences (the frequency of repeats was chosen as previously described (18) and according to the preliminary assessments where one half of the bands were hybridized with total human DNA). From this YAC, a database was constructed and analysed with the contig assembly software (ACAS 1.0). For each selected value of N and Z, 1000 databases were generated to get an overall mean result. For the 86 cosmid clones obtained from the 420 kb YAC, four enzymes allowed us to assemble clones within a mean number of 2.5 contigs with no false positives detected within the 1000 databases (i.e. in the 1000 different databases generated from 86 clones and 4 enzymes, the contig assembly software never declared wrongly an overlap, which would easily have been detected since the actual position of each clone for the generated data was precisely known). With 3 enzymes, the mean number of contigs is 5.3 (figure 1), while with 5 enzymes it is only 1.5.
Secondly, the theoretically expected numbers of contigs and false positives according to probability laws (17) were calculated as a function of the number of clones analyzed and enzymes used. The minimal detectable overlap 6 between 2 clones was evaluated with a method integrating the expected band size repartition for each clone and the chosen threshold of probability. For 86 clones, 4 enzymes and a resolution of a mm on the gel, 6 is equal to 61 %, the number of contigs is 3.0 while the probability to have one false positive is 5.10~3. With 3 enzymes, 6.0 contigs are obtained on average and with 5 enzymes only 1.5. These two predictions unambiguously suggested that four enzymes should be used for 86 clones; 3 enzymes would give too many contigs while 5 would create unnecessary additional work. Even if the number of contigs is appreciably smaller with 5 enzymes, Lander and Waterman's equation (17) gives a probability of 0.% to have one actual contig (if $ was equal to 0) with 4 enzymes. Further analysis of the ends of the contigs obtained with 4 enzymes should allow to produce a complete map without using a fifth enzyme.
Four restriction enzymes recognizing 6-bp were selected : Bgin, EcoRI, PstI and PvuII, each gives a mean of 7 fragments per cosmid after hybridization with total human DNA ( figure  2A and 2B) . Three markers were loaded per gel to correct for the heterogeneities of the gel and the electric field. The size of the bands were calculated according a local reciprocical interpolation method (16) . With this algorithm, molecular weights of the bands are determinated with an error of about 2.5%. The size distribution of the bands with these enzymes are included between 12 Kb and O.5 Kb, corresponding to the area of resolution of a 0.7% agarose gel.
Computer analysis allowed us to assemble clones within 2 contigs of 34 and 50 cosmids while the probability to have one false positive was 1 per 1000. This is in good agreement with the probability based on forecasts and modeling and suggest that our minimal detectable overlap is about 60% as expected. According to Lander and Waterman's equation (17), the two contigs were therefore likely to overlap (probability: 96%). In fact, further comparisons of the ends of the two contigs showed a weak overlap between them: the cosmids 1B10 and 1C10 had 4 bands in common for the four migrations. A single contig of 84 cosmids has been obtained. Two isolated clones are characterized by a small number of detected bands while having a size of 40 kb; This could be explained by a cloning artefact such as recombination with yeast DNA.
Thirteen cosmid clones were selected according to the clone ordering program (ACAS l.O) described in Materials and Methods. These cosmids represent the minimum set of clones covering the whole YAC ; they share 30% on average of their length. It appears clearly in this study that a 9.2 fold representative library is sufficient to construct a satisfactory physical map with a minimal detectable overlap of 60% ,i.e. with 4 enzymes. As a by product, we have calculated from our database the mean number of hybridized bands (7 bands) per clone for each enzyme and the repartition function in size which fit a exponential law.
In order to use the extra information contained in the intensities of bands, it is necessary to standardize the measured intensities so as to get rid of heterogeneities both in quantities of DNA deposited and in efficiency of hybridization process. We initially decided to reveal a restriction fragment from the vector, which would be an internal standard for every lane. In our model, this approach brought no significant improvement. Furthermore, it has two practical drawbacks: the recognition of this band in a complex pattern, and the lack of robustness of the method based on a single measurement. Thus, it is more reliable to estimate the intensity ratio between pairs of matching bands when comparing two clones. This ratio should be constant, since it is the expression of the difference between the efficiency of the above processes for the two clones. So every band pair whose ratio is too far away from the mean ratio is liable to be a random match, and should be eliminated. A less stringent approach would be to balance each band pair with its intensity ratio deviation from the mean. To do so, we estimated the standard deviation of maximum OD's ratios measurement in our cosmid database, and found it to be 20% of actual ratios which ranged from 0.5 to 2. This observation indicates that intensity can be taken into account for a YAC mapping strategy. However, this benefit cannot be precisely estimated. But to be efficient, this method requires a minimum number of matching band pairs to obtain a good estimate of the true ratio measured. This minimum number is hardly achievable with cosmid fingerprints, but is easily reached with YACs: even a small YAC overlap can give enough common bands.
Restriction mapping
To confirm the physical map, first a restriction map of the YAC (24C4) was constructed and secondly,the two YAC vector endprobes were hybridized on cosmid clones to retrieve the extremities of the 420 kb YAC.
Partial digestions with a rare cutting restriction enzyme, Mlul, were performed as described in Materials and Methods. The partial digestions were separated on FIGE under two different conditions which corresponded to the two different resolutions of fragments (0 up to 50 Kb and 50 Kb up to 400 Kb). The gel fragments were then transferred to nylon membranes. Filters were hybridized with probes derived from each arm of the vector pYAC4. These probes CEN4 (Hpal-Clal) and URA3 (Pstl-StuI) are yeast specific and do not contain DNA sequences from pBR 322. The hybridization results with the end-probes vectors are shown in Figure 3 . At the same time, the 13 canonical cosmids were digested with Mlul. According to the given order of the 13 cosmids, the common bands they share and the absence or presence of a Mlul restriction site for each cosmid, it was possible to localize without ambiguity the 13 cosmids on the YAC Mlul restriction map (Figure 4) . Secondly, filters which had been used for the fingerprinting procedure were hybridized with the two YAC vector end-probes CEN4 and URA3 to retrieve the extremities of the YAC. With the CEN4 probe, only the cosmid 1F7, was revealed. The clone 1F7 had been localized at one extremity with the clone ordering program (ACAS 1.0). A Clal restriction site, which is probably the site present on the pYAC4 vector between the fragment CEN4 and the cloning site EcoRI, has also been found in this clone 1F7.
With the other probe URA3, no cosmid has been revealed. This result can be explained by the fact that 6 Mbol restriction sites are present between the cloning site EcoRI in the SUP4 sequence and the probe URA3 in contrast with the other YAC extremity where no Mbol restriction site exists between the cloning site and CEN4.
The method described in this paper, is similar to that of Stallings et al (9) . They used a fingerprint from EcoRI, Hindm and EcoRI/HindlH digestions detected by ethidium bromide as well as by GT and total human DNA probes. Our procedure, however, offers several advantages: (i) no need to separate cosmid DNA from chromosomal DNA. This allowed us to generate a very quick cloned DNA preparation that can be fully automated without a centrifugation step during the extraction, (ii) the data capture step is less time consuming. With our method, only four images are required as compared with 9 for the procedure of Stallings and it is not necessary to superimpose the ethidium bromide bands and the hybridized bands. Also, this method has been tested on yeasts containing YACs from 250 Kb to 800 Kb with success. It is of the most importance since YACs can not be separated easily from chromosomal DNA. above. This experiment shows the reproducibility of the method (each track is an independant DNA preparation). With larger YACs, to simplify the fingerprints obtained, another concentration of agarose was used (0.8% agarose gel instead of 0.6%) and restriction fragments were revealed either with LI probe or total human DNA but considering only fragments between 500 bp and 10 Kb. Finally, the intensity takes its full meaning with more complex YAC fingerprints and from which a minimum number of matching band pairs is easily obtained.
